The quantal nature of transmitter release has been analysed at central inhibitory synapses in the leech nervous system between an interneurone (HN) and a motoneurone (HE) that regulate the heartbeat.
(Received 3 February 1978) SUMMARY The quantal nature of transmitter release has been analysed at central inhibitory synapses in the leech nervous system between an interneurone (HN) and a motoneurone (HE) that regulate the heartbeat.
1. Ganglia were bathed in leech Ringer fluid containing 20 mM-Mg and 1*8 mM-Ca and the membrane of the presynaptic HN interneurone was hyperpolarized by current injection. Under these conditions successive inhibitory potentials in the HE motoneurone, evoked by impulses in the HN interneurone, showed striking fluctuations in amplitude.
2. Assuming a Poisson distribution of the i.p.s.p.s and estimating the number of failures from the amplitude histograms of the observed responses, the mean size of the quantal unit was estimated as 0-25 + 0*015 mV (s.E. of mean, n = 26). When m, the mean number of quanta released per trial, was varied by changing the membrane potential of the presynaptic HN cell (Nicholls & Wallace, 1978) , the experimentally observed amplitude distributions could be predicted by the Poisson theory.
3. An independent estimate of the unit size was obtained by noise analysis. A long subthreshold depolarizing pulse applied to the presynaptic HN interneurone evoked a sustained hyperpolarization of the HE motoneurone, apparently caused by an increase in the rate of on-going release of quanta by the HN cell terminals. From the mean change in membrane potential and the increase in variance, the size of the unit was calculated as 0 21 + 0 039 mV (S.E. of mean, n = 11). For ten pairs of cells an estimate of unit amplitude was made both from the Poisson analysis and the analysis of variance, again with good agreement. For these cells, the estimated unit sizes were 0'24 + 0-023 mV (S.E. of mean, n = 10) from the failures and 0-21 + 0.043 mV (s.E. of mean, n = 10) from the noise.
4. A similar analysis was made of the inhibitory synaptic potentials evoked in one HN interneurone by stimulation of its contralateral homologue. Transmission again appeared to be quantal; the mean unit amplitude from Poisson analysis was 0.31 + 0-022 mV (s.E. of mean, n = 19) and from the noise 0-29 + 0-027 mV (s.E. of mean, n = 3).
5. We conclude that transmitter is released from the terminals of the HN interneurone in quantal units that evoke miniature i.p.s.p.s of about 0-25 mV in the INTRODUCTION In the preceding paper (Nicholls & Wallace, 1978) we described the modulation of transmission at inhibitory synapses in the central nervous system of the leech. As first shown by Thompson & Stent (1976a, b, c) , an action potential in the heart interneurone (HN cell) gives rise to a direct, chemical inhibitory synaptic potential in the heart excitor motoneurone (HE cell) and also in the contralateral HN cell. The amplitude of the inhibitory synaptic potential depends on the resting potential of the presynaptic HN cell; sustained hyperpolarization reduces the size of an inhibitory synaptic potential evoked by a superimposed spike; sustained depolarization increases the i.p.s.p. amplitude. One aim of the present investigation has been to determine if the origin of this effect is pre-or post-synaptic. Because of the complex structure of the neuropile and our ignorance of the identity of the transmitter released by the HN cell, direct determination of the sensitivity of the post-synaptic membrane is not feasible. However, quantal analysis could provide evidence for presynaptic changes. Thus, if a fixed quantum or unit could be defined which then remained constant as the synaptic potential became larger or smaller, one could infer that modulation was presynaptic.
At the neuromuscular junction the process of chemical transmission has been investigated extensively and the quantal composition of the end plate potential is well understood (Del Castillo & Katz, 1954) . Attempts have also been made to extend such an analysis to synapses in the central nervous system of the cat (Kuno, 1964 (Kuno, , 1971 Edwards, Redman & Walmsley, 1976a, b) , the hatchet fish (Bennett, Model & Highstein, 1976) , and Aplysia (Kandel, Brunelli, Byrne & Castellucci, 1976 (20-25 "C) . The experimental arrangement, recording techniques and Ringer fluid were as described in the preceding paper (Nicholls & Wallace, 1978) . Except as otherwise indicated, all experiments were made on the third free segmental ganglion, in which the HN interneurone makes a direct synaptic connexion with the HE motoneurone (Thompson & Stent, 1976 a, b 
Ringer Fluid
Unless otherwise stated, the Ringer fluid used for these experiments contained (mM): NaCl, 85; MgCl2, 20; KCl, 4; CaCl2, 1-8; Tris maleate neutralized with NaOH, 10; glucose, 13-5. Low Na Ringer fluid had the following composition (mM): sucrose, 200; KCl, 4; CaCl2, 7-5; Tris maleate neutralized with NaOH, 10; glucose, 12.
RESULTS

Fluctuations in evoked release from HN interneurone to HE motoneurone
In normal leech Ringer fluid the HN interneurone fires rhythmical bursts of impulses which give rise to large i.p.s.p.s in the HE motoneurone. If the fluid is changed to Ringer containing 20 mM-Mg, 1-8 mM-Ca, the membrane potential of the HN cell no longer undergoes spontaneous oscillations and can be held at any 'resting' potential by passing current through the recording micro-electrode. As described in the preceding paper, the size of the synaptic potential in the HE cell evoked by an action potential in the HN interneurone depends on this resting membrane potential.
In the present experiments the HN cell was stimulated once every 2 see by brief depolarizing pulses. These impulses were superimposed on a steady hyperpolarizing current that was adjusted so that many of the impulses in HN did not appear to evoke any response in HE. Under such conditions there were marked fluctuations in the amplitude of the i.p.s.p. In Fig. 1 , fourteen consecutive traces have been superimposed after being aligned so that the records from HE coincide at 2 msec after J. NICHOLLS AND B. G. WALLACE the peak of the action potential in HN. This corresponds to the minimum latency of the observed responses. The amplitude of the evoked i.p.s.p. appeared to vary in a stepwise manner. However, background activity often obscured this quantal character.
It is apparent in Fig. 1 that the resting potential of HE was not steady, but showed small random fluctuations. These fluctuations result from a continuous bombardment of excitatory and inhibitory synaptic potentials; the contribution of the electrode As in most other records, the Ringer fluid contained 20 mM-Mg. The traces were aligned horizontally by superimposing the peaks of the HN action potentials and vertically by superimposing the responses in the HE cell at a point 2 msec after the peak of the action potential (the point of minimum latency). The amplitude of each synaptic potential was measured as the potential difference between the point of minimum latency and the point corresponding to the peak of the averaged response (thin arrows). Integral multiples of the amplitude of the quantal unit determined from the number of failures by Poisson statistics (see text) are indicated by the thick arrows. The amplitude distribution of all the responses from this pair of cells is shown in Fig. 2A . In this experiment, the apparent electrical coupling between HN &nd HE cells was an artifact, due to direct interaction between the electrodes. resistance was much smaller. Most cells in leech ganglia are not active in 20 mM-Mg, 1-8 mM-Ringer fluid, so these potentials probably represent spontaneous release of quanta of transmitter. To avoid the arbitrary designation of some responses as failures, the amplitude in every trial was measured. An amplitude histogram of the responses was then plotted, as shown in Fig. 2 . Measuring every record generates a histogram with one peak centred on 0 mV and the remainder of the responses scattered over larger amplitudes.
To estimate the number of failures, we counted the observed responses that fell to the left of 0 mV, i.e. depolarizing responses (see Fig. 2 Fig. 2 is the Results of all experiments analysed in this way are summarized in Fig. 3 . As expected, the mean quantal content estimated from the failures varied linearly with the mean amplitude (Fig. 3A) . The mean unit size was 0 25 + 0-015 mV (S.E. of mean, n = 26) for experiments on twenty-one pairs of cells. The slope of the least-squares fit to the pooled data gave a slightly smaller estimate of the unit size (see Fig. 3A 
Quantal analysis of transmission between HN interneurones
The HN cells in the third and fourth segmental ganglia make reciprocal inhibitory connexions with their contralateral homologues (Thompson & Stent, 1976c) . As at the synapses between the HN interneurone and the HE motoneurone, changes in the membrane potential of the presynaptic HN cell modulated the size of the i.p.s.p. in its homologue, the contralateral HN cell. Transmission at this synapse also appeared to be quantal. Fig. 2B Fig. 3B and C). This value is slightly larger than that recorded in the HE cell.
Independent estimate of unit size
The results presented so far are consistent with the hypothesis that transmitter release from the HN interneurone is quantal and can be described by Poisson statistics. Nevertheless, the absence of clearly distinguishable quantal events prompted experiments designed to obtain an independent estimate of the amplitude unit. The high background activity in the HE cell made it impossible to recognize QUANTAL ANALYSIS OF CENTRAL INHIBITION individual quanta released spontaneously from HN. However, if the frequency of release of quanta from HN were to be increased without influencing release from other sources, then the contribution of HN to the background activity could be analysed.
The experiment of Fig. 4 demonstrates one method for producing release of transmitter from the terminals of the HN neurones. Here the conditions were designed to minimize spontaneous firing of neurones within the ganglion by replacing Na in the Ringer fluid by sucrose. In addition, the amplitudes of the reversed i.p.s.p.s were increased by injection of chloride into the post-synaptic HE cell (Nicholls & Wallace, 1978) . Fig. 4 cell. The results suggested that the rate at which quanta were liberated from the HN terminals could be increased by depolarizing the cell body. In low sodium solution, however, it is impossible to evoke synaptic potentials by stimulating the presynaptic cell and thus to test the agreement between the amplitude of the miniature i.p.s.p. and the unit predicted from Poisson distributions of the type shown in Fig. 2 . Fig. 5 shows the results of a similar experiment, but in the usual high Mg Ringer solution and without chloride injection. Current was passed through the electrode in the presynaptic HN cell to produce a long subthreshold depolarization. The membrane potential of the post-synaptic HE motoneurone was recorded at both low gain and high gain (AC coupled). When the HN cell was depolarized, the HE motoneurone became hyperpolarized and the random fluctuations in membrane potential became more pronounced. Apparently, depolarization of HN increased the 180 J. NICHOLLS AND B. G. WALLACE 'spontaneous' rate of release of quantal units and the HE cell was hyperpolarized by this barrage of miniature i.p.s.p.s.
Assuming that the mean hyperpolarization, V, is made up of linearly additive elementary quanta occurring at random intervals, each with an instantaneous rise to amplitude, a, and an exponential decay, then the size of the unit can be related to the change in variance (E2) according to Campbell's Theorem (see Katz & Miledi, 1972) , a = 2E2/V. The mean unit amplitude, determined for eleven pairs of cells was 0-21 + 0 039 mV (s.E. of mean, n = 11). eleven pairs of cells, plotting the change in the variance against the mean hyperpolarization of the HE cell membrane potential during sustained depolarization of HN. Although there is considerable scatter, the results are consistent with the hypothesis that the hyperpolarization of HE is due to a barrage of quanta with unit amplitude of approximately 0-2 mV.
QUANTAL ANALYSIS OF CENTRAL INHIBITION
Comparison of unit size from Poisson distribution and noise analysis
The assumption that transmitter is released by the HN interneurone in quantal units is supported by the general agreement between the mean amplitude of the unit as determined from the Poisson analysis (0-25 mV) and that determined from the change in variance during prolonged presynaptic depolarization (0.21 mV). Since J. NICHOLLS AND B. 0. WALLACE some of the scatter in the estimates of quantal size may result from real differences in the unit size from preparation to preparation, thirteen experiments were made in which the quantal unit was determined by both methods for each pair of cells.
Results from one pair of HN and HE cells are shown in Fig. 7 Results from all thirteen pairs of cells are summarized in Fig. 8 , which compares the amplitudes of the unit determined from the noise to that determined from the number of failures by Poisson analysis. There is considerable scatter in the data, primarily in the estimates obtained from noise analysis. For the ten HN, to HE., pairs (filled circles), the mean unit amplitude was 024 +0.023mV (s3.E. of mean, n = 10) from the failures and 0-21 + 0 043 mV (s.E. of mean, n = 10) from the noise analysis. For the three pairs of HN cells, the mean unit amplitude was 0-27 + 0-045 mV (s.E. of mean, n = 3) from the failures and 0-29 + 0-027 mV (s.E. of mean, n = 3) from the noise analysis.
DISCUSSION
When the quantal components of synaptic interactions between nerve cells are analysed in the central nervous system, complications arise from the anatomy and from the constant bombardment of inputs from a variety of sources. These complications have been reduced in the present experiments by applying objective methods for measuring the amplitude of individual responses and for estimating the number of failures. To estimate the failures from the distribution of responses around o mV we assumed that the background activity was symmetrically distributed around 0 mV. This assumption was tested by measuring the potential difference between two points on the base line at a particular time before the presynaptic spike and separated by the same time interval as that used to measure the responses. These measurements were done routinely and gave an indication of the variance in the base line. Measured in this way the base line noise had a mean of 0 mV and a standard deviation of approximately 0.1 mV. This is approximately the value that gave the best fit by eye when plotting the Poisson distributions and is also comparable to the value obtained from measurements made in the course of noise analysis (O'baseline = 0 1-0.2 mV).
An independent estimate of the quantal size was obtained by the technique of membrane noise analysis introduced by Katz & Miledi (1972 Katz & Miledi, 1972) . However, in our experiments, the membrane potential of the post-synaptic cell was routinely adjusted by passing steady currents through the recording electrode in order to prevent spontaneous firing. This made accurate determination of the membrane potential and driving force difficult. Failure to correct for non-linear summation may account for our finding that the mean amplitudes of the units estimated from the noise were less than those determined from the Poisson statistical treatment. When the data from the noise measurements were re-analysed making a reasonable estimate of the correction factor, slightly larger values for the amplitudes of the quantal units were obtained: 0-23 + 0 040 mV (s.E. of mean, n = 11) as the size of the quantal unit recorded in the HE motoneurone, 0-36 + 0.063 mV (S.E. of mean, n = 3) in the HN interneurone.
The synaptic interaction between the HN and HE cells displays several remarkable characteristics. As described by Thompson & Stent (1976b) and Nicholls & Wallace (1978) , synaptic potentials show little facilitation or depression during trains, although their size is very sensitive to the presynaptic resting membrane potential. In this paper we have shown that the variation in i.p.s.p. amplitude is a presynaptic phenomenon; more quanta are released per impulse as the presynaptic terminal is depolarized. Thus during presynaptic inhibition, when one HN cell hyperpolarizes its contralateral homologue, fewer quanta are liberated. Furthermore, quanta are continuously being released and the rate of this 'spontaneous' release also depends on the presynaptic potential.
The quantal fluctuations we have observed in transmission between nerve cells in the central nervous system suggests that there is a striking uniformity among the synaptic specializations between the pre-and post-synaptic cells, such that the conductance change produced by a quantum from each release site causes a similar potential change when recorded in the soma of the post-synaptic cell. One possibility would be that synaptic connexions are made at only one location on the dendritic arborization of the HE cell, or at comparable sites on several branches. Experiments are in progress to determine the location and fine structure of the synaptic terminals of the HN cell on the HE and HN cells to see what anatomical specializations are correlated with these remarkable physiological properties. 
